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ABSTRACT 
 
The bridle shiner (Notropis bifrenatus) is one of the smallest members of the 
minnow family (Cyprinidae) and is believed to have once been an important prey item 
throughout its native range from eastern Canada down the coast to South Carolina in the 
USA.  More recently, bridle shiner have reportedly declined through much of their native 
range and carry special designations from extirpated, state endangered, special concern, 
and regionally rare.  In 2010, Connecticut listed bridle shiner as a species of special 
concern.  Little is known about the mechanisms driving the progressive extirpation of 
bridle shiner, although habitat fragmentation and degradation have been generally 
attributed as the cause.  Habitats that are associated with this species are typically 
difficult to sample using traditional methods, which may increase the rate of false 
absences.  Because standard community surveys do not account for false absences it is 
unclear how much observed range reduction could be actual or perceived.  My objectives 
were to estimate detection probability of bridle shiner, evaluate the importance of habitat 
on their distribution in a fourth order stream, and determine patterns of movement among 
habitat patches.  I employed a repeated surveys design to estimate detection probability 
based on capture history and to draw inferences about sites where the species was never 
encountered.  Bridle shiner were batch marked to evaluate among-patch movement 
distances and frequencies.  Movement was infrequent (94.5% did not emigrate) and 
occurred over short distances (5-240m), demonstrating that this species likely has a small 
home range.  Detection probabilities in 2010 and 2011 were generally high (݌̅=0.78, 
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ܵܧതതതത=0.07) and increased from spring to fall.  Detectability in 2011 was negatively 
associated with mean water velocity and positively associated with abundance.  Areas 
that were occupied by bridle shiner in 2011 tended to have higher springtime macrophyte 
cover, stable flows over time, and were connected by short distances to similar areas.  
Among occupied patches, those with shallower mean depths supported bridle shiner in 
high abundance later in the year, which may be an indication of habitat that is important 
for recruitment and survival.  Habitat use and detection probability were not influenced 
by the presence of a native predator, redfin pickerel (Esox americanus americanus).  My 
findings suggest that false absences are not likely the cause of reported declines in 
Connecticut and that habitat degradation may be a leading cause of extirpations 
throughout the state.  Conservation and restoration actions should recognize the 
importance of macrophyte growth early in the year and stable flows over time, but 
especially the degree of connectivity among suitable habitats.  Because bridle shiner were 
found to move only short distances, patches that are separated by >300m may be 
considered isolated and thus more susceptible to extirpation.  Hence, connectivity among 
suitable habitat patches may be particularly important for this species to persist.   
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CHAPTER 1: Age, growth, and movement characteristics of bridle shiner 
 
 
Introduction 
The bridle shiner (Notropis bifrenatus) is one of the smallest members of 
Cyprinidae, rarely exceeding 60mm total length (Harrington 1948, Holm 2001).  Bridle 
shiner are usually found in ponds and streams amongst aquatic vegetation in areas with 
little or no current.  This species feeds primarily upon animal organisms that are found in 
the vicinity of aquatic vegetation, such as zooplankton and macroinvertebrates 
(Harrington 1948).  Like other prey fishes (e.g., Rangeley and Kramer 1998, Snickars et 
al. 2004, Padial et al. 2009), the association of bridle shiner with densely vegetated areas 
may be due to antipredator behavior.  In Connecticut, spawning occurs in June where 
bridle shiner select beds of submerged aquatic vegetation to serve as spawning sites 
(Webster 1941, Harrington 1947).  Given their specialized habitat requirement for slow 
flowing, densely vegetated areas, bridle shiner are relegated to habitats such as a beaver 
pond, stream bend, swamp, or a low gradient reach of stream.  Such habitats are 
manifested as discrete fragments (patches) along the riverscape.  Habitat patches vary in 
characteristic – including size (area) and degree of connectivity to neighboring patches – 
but each patch potentially supports the complete life history of bridle shiner.   
Bridle shiner are expected to exhibit a patchy distribution given the patchiness of 
suitable habitat.  In metapopulation ecology, a patchily distributed population is viewed 
as a series of interconnected subpopulations that are typically maintained by dispersal 
(Koizumi 2011, Poos and Jackson 2012).  Movement rate among patches is an important 
determinant of metapopulation dynamics and can affect growth and persistence of these 
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populations (Hanski 1999, Duerr et al. 2007).  Blue shiner (Cyprinella caerulea) in 
Tennessee and Georgia moved infrequently over relatively short distances (~130m), 
indicating that continuous habitat patches were crucial for persistence (Johnston 2000).  
Information about bridle shiner movement rates is important for understanding the extent 
to which metapopulation dynamics might be linked to population persistence.   
Because age data are commonly used to assess population characteristics of fish 
populations, it is important to obtain unbiased age estimates (Durham and Wilde 2008).  
Harrington (1948) and Finger (2001) have provided age estimates for bridle shiner using 
length-frequency and scale analyses.  Harrington (1948) suggested bridle shiner in New 
York and New Hampshire only live into their third summer (age-2) whereas Finger 
(2001) reported that bridle shiner in Pennsylvania reached age-4.  While use of scale and 
length-frequency analyses is common practice for non-game fishes (Bresnick and Heins 
1977, Albanese 2000, Smith et al. 2010), these methods have been criticized as biased 
compared to the use of calcified structures such as otoliths (Wang and Somers 1996, 
Quist et al. 2007, Robinson et al. 2010).  Age analysis using otoliths is increasing in 
popularity due to greater accuracy of age estimates (Durham and Wilde 2008, Falke et al. 
2010, Robinson et al. 2010).   
Here I report the movement patterns and population characteristics of bridle 
shiner in a low gradient Connecticut stream.  My objectives were to 1) determine 
movement rate and evaluate its role in persistence, and 2) determine the utility of otoliths 
for aging this small minnow.  
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Methods 
Study site 
The Shunock River is situated in southeastern Connecticut in the township of 
North Stonington.  The watershed is exurban in nature, characterized by small farms and 
rural residential development.  The floodplain is largely undeveloped except for an urban 
portion of about 1.5 km in the North Stonington town center.  Land trusts, the town and 
private citizens with conservation easements have protected the larger parcels along the 
floodplain and adjacent upland fringe from development.  The stream channel itself is 
mostly a low-gradient watercourse, although habitat variation is dramatic along the 13.2 
km length main channel, ranging from anthropogenic ponds (with earthen dams) to 
beaver ponds and swamps, low gradient river reaches, and a few higher gradient pool-
riffle reaches, as well as backwater and overflow areas in the floodplain.  The upper 
portion of the stream meanders through swamps dominated by dense aquatic vegetation.  
Beaver activity is common and many swamps are semi-regulated by beaver dams. The 
substrate in the swamps and ponds is sand and silt, with some sections being too deep or 
too soft to safely wade.  Outside the swamps and ponds, the stream is shaded by a closed 
canopy and aquatic vegetation is sporadic in distribution.   
In 2010 the stream was stratified into 16 patches spanning 6.2 km; in 2011 four 
patches were added, increasing the study area to 20 patches spread over 9.8 km.  Patches 
represented relatively homogenous sections of stream such that there was lower habitat 
heterogeneity within a patch, and higher habitat heterogeneity among patches.  Patches 
were delineated by way of ground reconnaissance, where obvious changes in canopy 
cover, substrate, and channel morphology marked the upstream and downstream extents 
4 
 
of the patch.  Certain patches adjoined neighboring patches, whereas others were 
separated by unsampled sections of stream.  All patches were large enough to potentially 
support the complete life history of bridle shiner. 
 
Movement 
Patches 1-16 were surveyed nine times between July 19th and November 13th, 
2010; patches 1-20 were surveyed nine times between May 30th and August 24th, 2011.  
Time between surveys ranged from three days to one month.  Sampling used a 1/8th in 
mesh beach seine with a box car center bag extended five meters between brails and 
pulled for twenty meters in the downstream direction.  Sampling locations were randomly 
selected during the first survey and remained constant for subsequent surveys.  Each 
patch survey ranged from one to three seine hauls depending on patch size and seinable 
area.   
Bridle shiner were batch marked with visible implant elastomer, with individuals 
≥38mm receiving a unique color and location combination that coded to the patch of 
capture.  All captured individuals were inspected for marks prior to being released.  
Recaptured individuals were not given secondary marks.  Recaptures were summarized 
by patch and year.  Movement was calculated as the stream distance between the patch of 
initial capture and patch of recapture. 
  
Age and Growth 
 A subsample (n=55) representing the size range of bridle shiner was euthanized 
and transported to the laboratory for processing.  Total length (mm), date, and patch of 
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origin were recorded for each individual.  Specimens were stored in a solution of 10% 
formalin for up to four weeks and then transferred to a solution of 85% ethanol.  Scales 
were removed from the area below the dorsal fin of several specimens to determine the 
utility for aging.  Five scales per specimen were cleaned, dried, and mounted between 
two glass microscopes slides.  Scales were viewed under a compound microscope (10x) 
and assigned an age based upon the number of apparent annuli.  The pair of lapillus 
otoliths were extracted from each specimen and mounted on separate glass microscope 
slides using Crystalbond™.  Otoliths were positioned rostrum side up and polished using 
progressively finer grit (800 to 4000 grit).  Strips of adhesive tape were applied to the 
surface of glass slides to prevent sanding through the focus of the otolith.  Polishing 
ceased when annuli became evident when viewed under a compound microscope (10x).  
Two readers assigned ages independently and without prior knowledge of fish length.  
Discrepancies were resolved by a third reader.  Specimens were excluded from further 
analysis when discrepancies could not be resolved. 
An age-length key was generated and applied to un-aged bridle shiner using 
program R.  The von Bertalanffy growth function was fitted to the sample of bridle shiner 
whose ages were assigned using the age-length key. 
ܮ௧ ൌ ܮஶ൫1 െ ݁ି௄ሺ௧ି௧బሻ൯ 
where ܮ௧ is length at time t, ܮஶ is the mean asymptotic length, K is the growth 
coefficient, and ݐ଴ is the hypothetical age when TL is zero.  The growth function was 
fitted using nonlinear least squares regression.  Separate growth functions were calculated 
for bridle shiner captured in lentic (anthropogenic pond) versus lotic (stream) habitats. 
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Results 
Movement 
 A total of 2798 bridle shiner were marked in 15 habitat patches, with 1935 
marked in 2010 and 863 marked in 2011.  Recapture rates ranged from 0-28% in patches 
where at least five individuals were marked.  The majority of recaptures did not emigrate 
from the patch where they were initially encountered (Figure 1).  Only 15 of the 272 
(5.5%) recaptures exhibited among-patch movement; 14 of these moved to adjacent 
patches and one moved two patches in the downstream direction.  Average distance 
moved was 78.3±21.7m, ranging from 5-240m downstream, and 5-150m upstream.  In 
general, downstream movement was more common than upstream movement; however, 
80% of among-year movement occurred in the upstream direction.  
 
Age and Growth 
 Bridle shiner ranged from 18-66 mm total length (TL).  The largest individual 
(66mm TL) was initially captured in 2010 and was recaptured in late August 2011, and 
was estimated to be in its fourth summer (age-3).  Scale annuli could not easily be located 
on scales that were taken from specimens of various lengths; in contrast, otolith annuli 
were apparent and could be easily read (Figure 4).  Thus, aging proceeded with otoliths 
exclusively.  Otoliths from 55 individuals collected during August 2010 and 2011 were 
evaluated.  There was 76% agreement in age estimates between readers; discrepancies 
were resolved by a third reader in eight of 13 cases, yielding 50 age-estimated 
individuals.   
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An age-length key was created using these 50 individuals and applied to 1534 
individuals captured from 31 Aug – 29 Sep, 2010, which ranged from 22-65 mm TL 
(Figure 2).  The von Bertalanffy growth curve did not differ between lentic and lotic 
populations (Figure 3).  Mean asymptotic length (ܮஶ) was 68.3mm (SE=2.07), growth 
coefficient (K) was 0.58 (SE=0.047), and ݐ଴= –1.02 (SE 0.043).  Table 1 shows age 
frequencies and mean length at age for these 1534 individuals.   
 
Discussion 
 In southeastern Connecticut, the bridle shiner attains an average total length of 31 
mm by the end of its first summer, accounting for about 50% of its total expected growth.  
Most of these individuals would become sexually mature by the following spring 
(Harrington 1948) and thus would account for the majority of spawning individuals.  Of 
the adult (i.e., reproductive) bridle shiner collected during late-summer, the vast majority 
(89%) were age-1, with age-2 individuals comprising only 11% of the population.  High 
mortality rates have previously been reported for this species (Harrington 1948, Finger 
2001) as well as other cyprinids (Quist and Guy 2001, Smith et al. 2010).  The age 
structure of red shiner (Cyprinella lutrensis) in Kansas was dominated by age-1 
individuals, but high mortality (94%) between age-1 and age-2 resulted in older 
individuals essentially disappearing from the population (Quist and Guy 2001).  While 
the data in this study did not enable calculation of mortality rate, it appears that bridle 
shiner in southeastern Connecticut experience high mortality and that only a small 
proportion of individuals survive past their second summer.  Hence, the total number of 
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spawning individuals in a given year is probably largely dependent upon the number of 
recruits from the previous year.  
Although bridle shiner are among the smallest cyprinids, their otoliths are of 
manageable size and are well suited for aging.  In contrast, scales were found to be 
difficult to interpret.  In Pennsylvania, bridle shiner were aged using scales with high 
agreement (80%) among readers (Finger 2001).  This contrast indicates that the utility of 
scale-based aging may be population dependent.  Length-frequency analysis revealed two 
distinct modes, apparently corresponding to age-0 and ages-1–3 individuals.  While this 
method was effective at revealing the youngest age-class it was ineffective at 
distinguishing between the three older age-classes, making length-frequency analysis of 
little use for determining age structure of bridle shiner.  These results are consistent with 
other reports that scale and length-frequency based aging are not as reliable as otolith 
aging (Wang and Somers 1996, Quist et al. 2007, Robinson et al. 2010), and indicate that 
bridle shiner should be aged using otoliths whenever possible. 
Movement patterns were indicative of a classic metapopulation in which certain 
subpopulations are connected by limited (low frequency, low magnitude) dispersal 
whereas others are spatially isolated from receiving or supplying colonizers (Hanski and 
Gilpin 1997).  The majority of recaptured individuals (94.5%) did not emigrate from the 
patch of initial capture, and those that emigrated moved a maximum distance of 240m.  If 
this species existed as a patchy, but well-mixed population (Figure 5) one would have 
expected higher rates of movement among patches than what was observed (Koizumi 
2011).  Low frequency movement over relatively short distances is characteristic of many 
small cyprinids.  A small proportion (1.5%) of redside dace (Clinostomus elongatus) in 
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Canada was found to move more than 300m from the patch of initial capture (Poos and 
Jackson 2012).  Longnose dace (Rhinichthys cataractae) and rosyside dace (C. 
funduloides) in North Carolina did not move more than 100m over a period of up to ten 
months (Hill and Grossman 1987).  Likewise, movement was not common among bridle 
shiner and there is no indication that this species migrates long distances during its 
lifetime.     
The majority of upstream movement occurred between years, whereas 
downstream movement was more common within years.  Seasonal movements could be 
related to the life history of this species.  Upstream movement between years may be a 
result of spawning migration, which has been reported for some larger cyprinids (Tyus 
1990, Lucas and Frear 1997).  Goforth and Foltz (1998) suggested that upstream 
movement of yellowfin shiner (Notropis lutpinnis) in early summer was likely associated 
with searching for spawning sites.  It is possible that bridle shiner in the Shunock River 
disperse upstream during springtime in search of spawning areas.  Downstream 
movement during summer and fall may be due to passive dispersal as a result of 
precipitation events and elevated flows (Goforth and Foltz 1998).  Regardless of the 
cause of observed movements, it appears subpopulations of bridle shiner are connected 
by a small proportion of dispersing individuals that move relatively short distances.  
Given the short movement distances observed (<300m even after 12 months), it is 
unlikely that the life history of bridle shiner includes long distance movements.  Hence, a 
subpopulation may be considered isolated when separated by several hundred meters 
from another subpopulation, and thus at greater risk of local extinction than connected 
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ones (Dunham and Rieman 1999). 
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Figure 2. Length frequency of bridle shiner collected during September 2010 (n=1534), 
ranging from 22-65mm total length.  The first mode corresponds to age-0 and the second 
mode to age-1─3 individuals. 
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Figure 3. Length at age of bridle shiner collected during September 2010.  Ages were 
assigned based upon an age-length key constructed from 50 otolith-aged individuals.  
Ages were adjusted by 0.25 years to account for approximately 3 months of growth that 
occurred between annulus formation and the time of fish collection. Lines represent von 
Bertalanffy growth function calculated for ‘lentic’ subpopulations (dotted line; n=449) 
and lotic subpopulations (dashed line; n=1085). 
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Figure 4. Polished otolith (a) and scale (b) from a 60 mm TL bridle shiner.  The otolith shows 
two clear annuli whereas the scale shows one clear and one unclear annulus. 
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Figure 5.  An example of possible population structures in stream fishes, taken from 
Koizumi (2011). 
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Age n Mean TL 
(mm) 
St. Dev. Min. Median Max. 
0 660 30.7 3.68 22 31 38 
1 777 47.4 4.01 39 48 54 
2 96 56.5 2.05 53 56 64 
3 1 65.0 NA 65 65 65 
Table 1. Mean total length (TL) at age of bridle shiner captured during September 2010. 
Ages were assigned based upon an age-length key constructed from 50 otolith-aged 
individuals. 
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CHAPTER 2: Evaluating habitat use of bridle shiner while accounting for imperfect 
detection: a multi-state patch occupancy approach 
 
Introduction 
Assigning special designations (e.g., special concern, threatened, endangered) of 
imperiled species is one tool that government agencies use to inform conservation 
priorities (Possingham et al. 2002).  However, when biased or unreliable data are used to 
determine special designations, subsequent management recommendations are likely to 
be inappropriate (Poos et al. 2012).  An example is when a species is incorrectly 
considered extirpated due to unreliable data rather than actively managed.  Hence, 
accurately determining the status of rare and imperiled species (which leads to the 
assignment of special designations) is the first step towards developing effective 
management actions.   
The status of a species is often evaluated based on the number of individuals 
present (abundance) or the proportion of suitable habitat that is occupied by the species 
(occupancy).  While abundance is perhaps the most commonly estimated population 
variable, further estimates of the vital rates of natality and mortality, with immigration 
and emigration are required to accurately understand the mechanisms that drive changes 
in abundance (MacKenzie et al. 2006).  Estimating population vital rates may be 
impractical for rare species, as well as cryptic species or species that live in habitats that 
make detection difficult.  Methods to estimate population vital rates typically perform 
best with sample sizes that frequently exceed those that can be obtained for rare species 
(Mackenzie 2005).  In contrast, occupancy estimation is less sensitive to small sample 
sizes and therefore more appropriate for studying population dynamics of rare species.   
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Estimating the proportion of habitat patches occupied has been widely used in 
ecology (Hanski 1994; Hanski et al. 1994; Moilanen 1999); however, a commonly 
overlooked source of variation is the lack of detection when a species is actually present 
(MacKenzie et al. 2003).  Failure to account for imperfect detection is equivalent to 
assuming perfect detection, which is rarely the case.  Consequently, patch occupancy is 
underestimated and may result in the species being incorrectly considered as extirpated 
from areas that may otherwise merit protection or particular habitat management actions.  
Biased occupancy estimates also hinder interpretation of habitat use and can therefore 
limit ecological understanding.  MacKenzie and others (2002) presented a model that 
enables estimation of patch occupancy while accounting for imperfect detection.  By 
employing a repeated surveys design, information from sites where the species was 
encountered is used to draw inferences about sites where the species was never 
encountered.  Thus, detection histories are incorporated into occupancy estimates with 
the aim of reducing bias caused by imperfect detection.  Bias is further reduced by 
allowing models to covary with site-specific and survey-specific covariates to account for 
heterogeneity among patches and sampling occasions.  The model has been extended to 
include multiple states (e.g., absent, present at low abundance, present at high abundance) 
as well as habitat covariates (Nichols et al. 2007).  These multi-state occupancy models 
have increased relevance to situations where management and conservation are of interest 
because they allow the investigator to consider multiple biologically relevant states 
(Martin et al. 2010).  Multi-state models may be the best choice when high occupancy 
rates would otherwise limit the ability to model the effects of habitat on patch occupancy.  
Furthermore, multi-season multi-state models afford an avenue to investigate transition 
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probabilities (e.g., transition from low to high abundance), which may increase the 
understanding of patch occupancy dynamics especially in situations where colonization 
and extinction rates are too low to be modeled.  My research presented here demonstrates 
how patch occupancy models can inform hypotheses regarding conservation of the 
imperiled minnow, bridle shiner (Notropis bifrenatus; Sabo 2000).   
The bridle shiner is one of the smallest members of Cyprinidae and is believed to 
have once been an important prey item throughout its native range from eastern Canada 
down the coast to South Carolina in the USA (Scott and Crossman 1973).  However, 
bridle shiner have declined significantly through much of their native range, carrying 
special designations from extirpated, state endangered, special concern, and regionally 
rare.  In Connecticut monitoring surveys during the 1990s, bridle shiner were found in 
only 8 of the 56 stream sites that housed bridle shiner in previous monitoring in the 1960s 
(Jacobs and O’Donnell 2009).  In 2010 Connecticut listed bridle shiner as a species of 
special concern.  
Little is known about the mechanisms driving the progressive extirpation of bridle 
shiner, although habitat alteration has been generally attributed as the cause (Jenkins and 
Burkhead 1994).  This species is usually found in ponds and streams amongst aquatic 
vegetation in areas with little or no current.  In Connecticut, bridle shiner spawning peaks 
in June, during which time schools select beds of dense submerged aquatic vegetation as 
spawning sites (Harrington 1947).  These densely vegetated areas also support the diet of 
bridle shiner, which mainly consists of small insects and zooplankton (Harrington 1948).  
Suitable habitats for this species are typically interrupted by unsuitable areas along the 
riverscape, in effect creating habitat patches.  Therefore, the distribution of bridle shiner 
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may likewise be considered as patchy.  Their dependence on macrophytes and slow 
flowing areas make bridle shiner susceptible to anthropogenic disturbances, such as 
channelization and impoundments that negatively impact these important habitats.  While 
bridle shiner habitat has been described in general terms, there is no published 
information on the relative importance of these characteristics, making it difficult to 
understand the impact that certain disturbances may have on this species.  Additionally, 
standard community surveys do not account for false absences so the likelihood of the 
species going undetected is presently unknown.  While it is unlikely that reported 
declines are altogether a factor of imperfect detection, it is unclear how much observed 
range reduction could be actual or perceived.   
 Here I used occupancy models to estimate detectability of bridle shiner in order to 
evaluate the hypothesis that observed declines are a result of imperfect detection (i.e., a 
sampling artifact) rather than true declines.  I hypothesized that if the probability of a 
false absence is greater than that of detection then it is plausible that bridle shiner 
declines are perceived versus real.  Secondly, I developed a priori models to test whether 
detectability was influenced by bridle shiner abundance (i.e., low versus high) in habitat 
patches, and measured habitat variables.  Finally, I developed a priori models to test the 
effects of within-patch habitat on occupancy. 
 
Methods 
Study site 
Among the extant populations of bridle shiner in Connecticut is that of the 
Shunock River, situated in the township of North Stonington.  The watershed is exurban 
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in nature, characterized by small farms and rural residential development.  The floodplain 
is largely undeveloped except for an urban portion of about 1.5 km in the North 
Stonington town center. Land trusts, the town and private citizens with conservation 
easements have protected the larger parcels along the floodplain and adjacent upland 
fringe from development.  The stream channel itself is mostly a low-gradient 
watercourse, although habitat variation is dramatic along the Shunock River’s 13.2 km 
length, ranging from anthropogenic ponds (dams) to beaver ponds and swamps, low 
gradient river reaches, and a few high reaches, and backwater and overflow areas in the 
floodplain.  The upper portion of the stream meanders through swamps dominated by 
dense submerged and emergent macrophytes.  Beaver activity is common and many 
swamps are semi-regulated by beaver dams. The substrate in the swamps and ponds is 
sand and silt, with some sections being too deep or too soft to safely wade.  Outside the 
swamps and ponds, the stream is shaded by a closed canopy and submerged aquatic 
vegetation is sporadic in distribution.   
In 2010 the stream was stratified into 16 patches, however the number was 
increased to 20 in 2011 to include additional habitat types in order to facilitate analysis of 
habitat covariates.  The addition of these four patches increased the study area from 6.2 
km in 2010 to 9.8 km in 2011 (Figure 1).  Patches represented relatively homogenous 
sections of stream such that there was lower habitat heterogeneity within a patch, and 
higher habitat heterogeneity among patches.  Patches were delineated by way of ground 
reconnaissance, where obvious changes in canopy cover, substrate, and channel 
morphology marked the upstream and downstream extents of the patch.  Certain patches 
adjoined neighboring patches, whereas others were buffered by unsampled sections of 
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stream. All patches were large enough to potentially support the complete life history of 
bridle shiner and were assumed to be closed to changes in occupancy during the survey 
period; that is, a species was assumed to be always present or always absent at a given 
patch for the duration of the survey period (MacKenzie et al. 2006).   
 
Fish sampling 
Patches were repeatedly sampled during a three to four week period, comprising a 
survey season.  Six seasons of data were collected in 2010 and 2011: 2010S1 (July 19th –
Aug 5th, 2010), 2010S2 (Aug 31st – Sep 29th, 2010), 2010S3 (Oct 22nd – Nov 13th, 2010), 
2011S1 (May 30th – June 15th, 2011), 2011S2 (July 7th – July 20th, 2011), and 2011S3 
(August 8th – August 24th, 2011).  Patches were surveyed three times within a season (4 
to 7 d apart) to establish a history of detections for bridle shiner.  Sampling locations 
were randomly selected during the first survey and remained constant for subsequent 
surveys.  Sampling used a 1/8th in mesh beach seine with a box car center bag extended 
five meters between brails and pulled for twenty meters in the downstream direction.  
Each patch survey ranged from one to three seine hauls depending on patch size and 
seineable area.  Total catch per survey was recorded, and catch per effort (CPE) was 
calculated as catch per seine haul.   
Bridle shiner were batch marked with visible implant elastomer, with all 
individuals ≥38mm receiving a unique color and location combination which coded to the 
patch of initial capture.  Hence, all captured individuals were inspected for marks prior to 
being released.  Recaptured individuals were not given secondary marks.   
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Habitat measurements 
Patch habitat was measured once per season in 2011 at the same locations of fish 
sampling.  Depth and velocity measurements were taken along a transect perpendicular to 
the current where flow was not disturbed by objects in the channel.  Depth was measured 
using a 2-meter-stick and velocity was measured using an electromagnetic current meter 
(Flo-Mate Model 2000, Marsh-McBirney) following the protocol described by Hauer and 
Lamberti (1996).  In 2011S2 velocity for two patches could not be recorded due to 
equipment failure, therefore mean velocity was estimated based on measurements of 
hydrologically similar patches.  Percent cover by submergent and emergent macrophytes 
was visually estimated according to genus: bur-reed (Sparganium spp.), smartweed 
(Polygonum spp.), pondweed (Potamogeton spp.), pickerelweed (Pontederia spp.), 
spatterdock, (Nuphar spp.), grass (Panicum spp.), water milfoil (Myriophyllum spp.), and 
filamentous algae.  Temperature data loggers were deployed in each patch to collect 
water temperature measurements at one hour intervals.  Change in depth (Δdepth), 
temperature (Δtemp), macrophyte cover (Δvegetation), and velocity (Δvelocity) were 
calculated as the difference in means between survey seasons.  Aerial photographs and 
ArcGIS were used to calculate patch area and nearest-neighbor distance (i.e., patch 
isolation).  Area was calculated by drawing a polygon over the visibly wetted area of a 
patch.  Patch isolation was calculated as the linear distance from the edge of one patch to 
the edge of the closest patch occupied by bridle shiner.   
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Data analysis 
Detection histories were analyzed in program PRESENCE, version 4.1 (Hines 
2006).  Seasonal detection probabilities were estimated for 2010 and 2011 to illustrate the 
effect of seasonality on detection of bridle shiner.  Because habitat was not measured in 
2010, all subsequent analyses were carried out using 2011 data only.   
Traditional (i.e., presence/absence) occupancy models were fitted to the data to 
determine whether measured habitat variables affected detection probability and 
occupancy.  A two-step approach was used to determine the best covariates to detection 
and occupancy (Richmond et al. 2010; Williams and Fabrizio 2011).  First, models were 
constructed to test hypotheses regarding detectability as a function of mean velocity, 
depth, macrophyte cover, effort, and patch area while holding occupancy constant.  Next, 
covariates that best describe detection probability were incorporated into a candidate set 
of models to test hypotheses regarding occupancy as a function of mean velocity, 
macrophyte cover, patch area, depth, temperature, and patch isolation.  
Multi-state models were fitted to the data to determine whether habitat variables 
affected abundance (i.e., low versus high) while accounting for heterogeneity in detection 
among patches.  Occupancy states were defined as: state-0 being never detected, state-1 
being low abundance, and state-2 (R) being high abundance.  Three detection parameters 
were estimated: the probability of detecting bridle shiner in low abundance (p1), the 
probability of detecting bridle shiner in high abundance (p2), and the probability of 
correctly classifying bridle shiner as high abundance (δ).  First, a candidate set of models 
were developed to identify the best detection parameterization and covariates for each 
season; models were fitted to test the relationship between p1, p2, and δ, as well as the 
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effects of mean velocity, depth, macrophyte cover, temperature, effort, and patch area on 
p1 and p2 while holding δ and occupancy (ψ) constant.  Next, the “best” detection 
parameterization and covariates were incorporated into a candidate set of occupancy 
models in order to determine covariates to occupancy in general (ψ), while holding high 
abundance (R) constant.  Finally, models were fitted to determine whether high 
abundance (R) covaried with habitat.   
Multi-season multi-state models were fitted to determine the effect of habitat on 
the probability of bridle shiner transitioning from low abundance to high abundance over 
time.  Transition probabilities were modeled for the time interval that encompassed the 
greatest number of state transitions (i.e., between 2011S1 and 2011S3).  All models in the 
candidate set included the most supported detection probability covariates and initial 
occupancy (i.e., 2011S1) covariates obtained from single-season multi-state analyses.  
Models were developed to test the effects of patch area, patch isolation, depth, 
vegetation, temperature, velocity, Δdepth, Δtemp, Δvegetation, and Δvelocity on 
transition probability.   
Program PRESENCE was used to obtain maximum likelihood estimates for 
detection and occupancy parameters and to rank models using a model selection approach 
(Burnham and Anderson 2002).  Most supported models were considered to be those with 
the lowest AICc values and that converged properly (i.e., realistic parameter estimates).  
Covariates with ΔAICc ≤ 2 were considered competing (Burnham and Anderson 2002).  
In cases of model selection uncertainty (e.g., several competing models), summed 
weights were calculated as the total weight of models that included a particular covariate 
to represent the total support for that covariate (Burnham and Anderson 2002).  Habitat 
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variables were normalized by z-score conversion to reduce the magnitude of covariates 
and improve model convergence.  
 
Results 
Habitat 
Connecticut experienced the wettest year on record in 2011 resulting in atypical 
hydrology in the Shunock River.  Mean velocity and mean depth were expected to be 
highest in spring (i.e., 2011S1) and lowest in mid-summer (i.e., 2011S3), given the 
typical trend of decreasing discharge from spring to summer.  However, velocity was 
actually higher and more variable in mid-summer (i.e., 2011S3) than in spring (i.e., 
2011S1) (Table 1).  The trend in mean water temperature was also different than 
expected, with temperature being lower in 2011S3 than in 2011S2.  In contrast to the 
above habitat variables, macrophyte percent cover followed the expected trend of 
increasing with season. 
 
Catch per unit effort 
 The catch per effort histogram showed a distinct break between 18 fish/haul and 
26 fish/haul, making a natural separation between low and high abundance (Figure 2).  
Hence, the three occupancy states were defined as: never detected (CPE=0), low 
abundance (CPE<20), and high abundance (CPE≥20).  In 2011S1, bridle shiner were 
present in twelve patches, yet only two patches were high abundance.  By 2011S3 
fourteen patches were occupied, of which five were high abundance.   
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Detection probability 
Overall detection probability increased from spring to fall among the six survey 
seasons (Figure 3).  Likewise, multi-state models revealed an increasing trend in the 
probability of detecting bridle shiner when present in low abundance (Figure 5).  
Detectability of bridle shiner in high abundance patches was higher than that of bridle 
shiner in low abundance patches for two of the seasons (2011S1 and 2011S2); however, 
in mid-summer (2011S3) detection probability was independent of abundance.  The 
probability of correctly classifying bridle shiner in high abundance (δ) was similar in all 
seasons (≈ 0.78), indicating that when bridle shiner were detected in high abundance 
patches, the seine haul would likely yield ≥20 individuals. 
 Traditional (i.e., presence/absence) occupancy models for 2011 data revealed 
mean velocity was the top covariate to detection for the three survey seasons (Table 2).  
The relationship was negative between velocity and detectability such that patches with 
the lowest velocity had the highest detection probability (Figure 4).  This result was 
expected given bridle shiner’s known preference for slow moving water (Jenkins and 
Burkhead 1994).  As in the traditional occupancy models, mean velocity was the top 
detection covariate for multi-state models.  In all seasons, detecting bridle shiner when 
present in low abundance was negatively related to velocity such that patches with the 
highest detection probabilities (p1 and p2) were those with the lowest velocities.  There 
was moderate uncertainty as to which detection covariate was best in 2011S3; however, 
with an AIC weight of 0.32, velocity was slightly more supported than other models and 
was thus selected as the best covariate.   
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Occupancy models 
 All models in the candidate set included velocity as a covariate to detection 
probability.  Occupancy was allowed to covary with patch area, temperature, depth, 
velocity, vegetation, and patch isolation.  In 2011S1 and 2011S2 there was a moderate 
degree of uncertainty in model selection due to several competing models (Table 3).  
Using the summed model weight technique, the most preferred models included patch 
isolation for all three season, vegetation for 2011S1, and velocity for 2011S3 (Figure 6).  
The effect of patch isolation on patch occupancy was similar among all seasons, with 
probability of occupancy decreasing with distance to the nearest occupied patch.  
Occupancy was positively related to macrophyte cover in 2011S1 and negatively related 
to mean velocity in 2011S3.  Next, multi-state models were used to determine the effects 
of habitat on high abundance (R).  In each season there was a moderate amount of 
uncertainty as to which habitat variable covaried with high abundance (Table 4).  In 
2011S1 and 2011S3, the models that received most support included patch area and 
depth, respectively (Figure 7).  In 2011S2, the most supported model assumed that the 
probability of bridle shiner occurring in high abundance was constant among occupied 
patches.  These results indicate that during the spring, bridle shiner occupied patches 
characterized by high macrophyte cover and low isolation, and among such patches those 
that were larger in area supported a higher abundance of bridle shiner than those small in 
area.  During summer, bridle shiner occupied patches that were characterized by low 
velocities and low isolation, and among such patches those that were shallower supported 
a higher abundance of bridle shiner.   
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 Multi-season multi-state models were fitted to 2011S1 and 2011S3 data using 
covariates for initial occupancy and detection probability based upon results from the 
single-season multi-state analysis.  Hence, models assumed that initial occupancy 
covaried with macrophyte cover and patch isolation, high abundance covaried with patch 
area, and detection probability covaried with velocity.  The model with the most support 
included depth, such that shallower patches had a greater probability of bridle shiner 
becoming more abundant by mid-summer (2011S3; Table 5).  Figure 8 shows that 
patches with mid-summer mean depths ranging from 30-60 cm had a higher probability 
of transitioning from low to high abundance. 
 
Discussion 
   Occupancy models help to elucidate relationships between habitat and the 
proportion of the riverscape that is occupied by a species (Falke et al. 2010); however, 
when occupancy rates are high there is limited ability to model habitat use.  In such cases, 
multi-state occupancy models excel by not only answering what habitat variables are 
associated with presence, but moreover what factors are associated with high abundance 
of the species.  Bridle shiner occupied a higher proportion of the study stream than was 
expected prior to data collection; therefore, patterns of presence and absence were of 
limited utility.  I employed multi-state models to investigate patterns of absence and 
presence at two levels of abundance (low and high) in order to better understand the 
relationship between habitat and use by bridle shiner.  This finer resolution demonstrated 
that although bridle shiner were present in patches characterized by low isolation, high 
macrophyte cover, and low mean velocity, the patches with high abundance were 
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characterized by shallow mean depth and large area.  Furthermore, multi-state analysis 
allowed for investigating the temporal effects of habitat on occupancy by modeling 
transition probability (i.e., low to high abundance) as a function of habitat variables.  
Because transitions from low to high abundance may be related to age-0 recruitment to 
the gear, habitats associated with such transitions may be indicative of habitats that are 
particularly important for reproduction and recruitment.  I found that relatively shallow 
mean depth (30-60cm) was an important characteristic of patches that transitioned from 
low abundance in the spring to high abundance in the summer.   
Bridle shiner were most readily detected during mid-summer when abundance 
was highest.  While mid-summer was the best time to encounter the species, sampling 
from spring through summer was important for gaining a balanced understanding of what 
factors comprised suitable habitat.  When identifying potential sample locations, 
biologists should attempt to locate areas that have early macrophyte growth and stable 
flows over time, and that are connected by short distances to similar sites.  Locating such 
areas requires evaluation of habitat at several points in time during spring through early-
summer.  Areas that meet these criteria for suitable habitat should be sampled during 
mid-summer to determine whether bridle shiner are present. 
 
Detectability 
 The probability of detecting bridle shiner was consistently greater than the 
probability of false absences, suggesting that range wide declines are likely a reflection of 
actual population status rather than of sampling artifact.  While detection probability was 
consistently high, detection was less than perfect and could not be ignored when 
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evaluating habitat use.  Detection of bridle shiner was primarily influenced by two 
factors: stream velocity and relative abundance.  Given that a patch was occupied, bridle 
shiner were more frequently encountered in areas of low velocity, such as backwater 
areas or among dense macrophytes.  Increased detectability in low velocity habitats has 
been noted for other cyprinids as well.  For example in North Dakota, catch rates of 
sicklefin chub (Macrhybopsis meeki) and western silvery minnows (Hybognathus 
argyritis) were higher in low velocity habitats (Welker and Scarnecchia 2004).  However, 
increased detectability is not necessarily an indication of increased habitat use.  The 
probability of encountering a species may be a reflection of spatial and temporal variation 
in detectability rather than a reflection of occupancy patterns (Bailey et al. 2004).  Results 
here suggest that while it is more common to encounter this species in slow flowing 
areas, low velocity may not necessarily be the best predictor of occupancy.  This 
conclusion is slightly different than what is presented in the literature, which states this 
species is usually found in association with low velocity habitats such as ponds and 
backwatered areas of streams (Harrington 1947, Jenkins and Burkhead 1994).  It is 
apparent that bridle shiner are more frequently detected in slow flowing habitats; 
however, this does not necessarily indicate habitat suitability.   
 In addition to velocity, detection probability is influenced by abundance.  False 
absences are expected to occur more frequently at low abundance versus high abundance 
because the probability of detecting a species in a location is often a direct function of the 
number of individuals present (MacKenzie et al. 2006; Royle and Nichols 2003).  
Consequently, detection probability is expected to be higher during times of the year and 
in patches where abundance is high.  Abundance should increase several weeks following 
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the spring spawn when age-0 are recruited to the gear (Harrington 1947).  Summer CPE 
was nine times greater than spring CPE among patches that were classified as low 
abundance.  While these increases in abundance were not dramatic enough to cause a 
state transition, they were high enough to positively affect detectability, which may 
explain why low abundance detectability was higher during summer versus spring.  
Interestingly, in the summer low abundance patches had the same detectability as high 
abundance ones.  Thus, among-patch variation in detection probability was influenced by 
abundance and velocity during the spring, and velocity alone during the summer.  
Among-season variation in detection probability was mainly abundance related.  By 
comparing detectability between p1 and p2 within seasons and detection estimates among 
seasons, I found that abundance plays a large role in detectability of bridle shiner.  
 
Occupancy 
 Springtime occupancy of bridle shiner was associated with low patch isolation 
and high macrophyte cover.  Among tightly clustered patches with high macrophyte 
cover, patches of large size (patch area) tended to be classified as high abundance.  
Because bridle shiner spawning peaks in June (Harrington 1948), patches with early 
development of macrophytes provide the necessary habitat for reproduction.  Patches 
with greater available habitat (i.e., large area in addition to high macrophyte cover) would 
support a larger number of spawning individuals (Arndt et al. 2006).  Therefore, 
macrophyte cover and patch area appear to be important for bridle shiner occurring in 
high abundance during the spring spawning period. 
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I hypothesized that occupancy would covary with velocity in all 2011 survey 
seasons because bridle shiner are believed to prefer habitats characterized by slow 
moving water (Harrington 1947, Jenkins and Burkhead 1994); however, velocity was 
among the top covariates only in mid-summer.  Velocity measurements in mid-summer 
were the most variable and most extreme due to heavy precipitation events, which 
accentuated velocity differences between occupied and unoccupied patches.  Patches that 
were occupied by bridle shiner did not have extreme responses to precipitation events 
during mid-summer (i.e., not ‘flashy’).  Therefore, while subtle differences in velocity 
affect detectability (described above) they were not found to explain occupancy patterns, 
whereas relatively large velocity variations among patches do influence occupancy 
patterns of bridle shiner.  Among occupied patches, those with relatively shallow depth 
had the highest abundance of the species.  Shallow depths were also associated with 
transitions from low abundance to high abundance between seasons.  Shallow depths are 
usually associated with increased macrophyte growth due to better sunlight penetration to 
the substrate (Barko and Smart 1981).  Occupied patches in the spring had high 
macrophyte cover, and among those patches the shallower ones had a dramatic increase 
in abundance such that they became high abundance patches in summertime.  
Additionally, there is support for the idea that shallow depths assist in predator avoidance 
(Angermeier 1992).  Schlosser (1987) observed that small bodied fishes were restricted to 
shallow habitats when predators were present, presumably due to risk of predation.  
Among the densely vegetated areas used by bridle shiner for spring spawning, those with 
shallower depths may afford new recruits the best chance of survival by reducing the risk 
of predation.  A depth related predator-prey interaction may explain why bridle shiner 
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were not detected in high abundance in swampy patches, which were among the deepest 
patches surveyed.  Patches that are shallow and have low mean velocities with stable 
flows are likely important for supporting bridle shiner in high abundance. 
Patch isolation was among the top covariates for all 2011 survey seasons, with 
isolated patches having a lower probability of being occupied by bridle shiner.  Mark-
recapture results revealed low patch emigration rates and those that emigrated were 
recaptured in neighboring patches, demonstrating that long distance movements were not 
common among bridle shiner in the study area (Chapter 1).  Similarly, movement among 
blue shiners (Cyprinella caerulea) is infrequent, occurs over short distances, and is 
dependent upon well connected habitat patches (Johnston 2000).  Isolated subpopulations 
of bridle shiner are not likely to be recolonized following an extirpation event, given the 
low frequency and short distance of movement by this species.  Conversely, an extirpated 
patch that is well connected to an occupied patch will likely have a higher probability of 
recolonization.  This highlights the importance of population connectivity and short 
distances between suitable patches. 
 
Management implications 
Managers should carefully choose survey locations based upon extent of 
springtime macrophyte cover, stable low velocities over time (i.e., not ‘flashy’), and 
connectivity to other suitable habitats.  Such habitats should be intensively sampled later 
in the year at low flows (i.e., stage) in order to maximize the probability of detecting the 
species.  By mid-summer a high proportion of this species has recruited to the gear, 
which increases the odds of capturing at least one individual in occupied patches.  Spring 
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sampling may result in bridle shiner being undetected due to low seasonal abundance and 
erroneously assumed to be extirpated rather than actively managed.  It is important to 
note that detection probability is sensitive to water velocity even during times of the year 
when overall detectability is high.  Hence, caution should be exercised when interpreting 
‘absences’ in high velocity patches and when the species is not detected during sampling 
that follows heavy precipitation events. 
Biologists should recognize the importance of macrophyte cover, velocity, depth, 
and patch isolation when considering bridle shiner conservation actions.  Anthropogenic 
disturbances that affect these habitat factors may have profound negative impacts on the 
species.  In particular, urban development generally increases runoff that may cause a 
stream to become unsuitable for bridle shiner via several pathways.  Increased 
impervious surface area raises runoff and can result in frequent large magnitude 
fluctuations (i.e., flashy, Meyer et al. 2005), especially during springtime, which is the 
crucial period for bridle shiner spawning.  Elevated runoff increases velocity, depth, and 
turbidity, thereby hindering rooted macrophyte growth (Peters 2009).  Because 
macrophytes are important for bridle shiner during all life stages, any disturbance that 
reduces macrophyte cover could severely impact persistence.  Elevated turbidity and 
increased depth may reduce the ability of bridle shiner to visually locate food (Harrington 
1948) and avoid predation, especially during spring when abundance is already 
depressed.  There has been relatively little development surrounding the Shunock River, 
partly due to the floodplain soils being classified as unsuitable for development, which 
may be a factor in the thriving population of bridle shiner in this stream. 
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Physical and behavioral barriers effectively fragment suitable habitat and isolate 
patches from either receiving or supplying colonizers (Johnston 2000).  Patches that are 
separated by high velocity stream reaches would prevent this species from moving in the 
upstream direction due to their poor swimming ability (Holm 2001).  Traversing high 
velocity reaches is more likely to occur in the downstream direction, provided these 
reaches are relatively short.  Long distance movements without availability of cover 
would translate to higher risk of predation.  Hence, development that causes even short 
sections of stream to be channelized would isolate suitable habitat from colonizers by 
restricting movement in one or both directions.    
Anthropogenic dams are major sources of fragmentation in rivers.  These barriers 
often modify metapopulation dynamics by severing at least one direction of movement.  
Most commonly, barriers inhibit upstream movement so that downstream patches cannot 
supply colonizers to those upstream.  Dam removal is becoming increasingly common in 
stream restoration; however it is important to understand how a river changes when a 
dam is removed and how those changes affect biota (Pizzuto 2002).  Two of the high 
abundance patches on the Shunock River were anthropogenic ponds characterized by 
shallow depths (rarely exceeding 1.25m) and dense aquatic vegetation.  While removal of 
these dams may improve connectivity and restore metapopulation dynamics, it would 
likely have an immediate negative effect on bridle shiner that reside in these ponds.  
Presumably, individuals affected by dam modification would move to suitable habitats, 
provided other barriers do not exist.  One of the anthropogenic ponds (Ripley Parke 
Pond) is isolated from other patches by high velocity reaches on the upstream and 
downstream ends of the pond.  Were the Ripley Parke Pond dam removed and the 
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channel restored to the natural occurring gradient, the sub-population of bridle shiner 
may not have suitable habitat to retreat to and could become extirpated.  Biologists 
should carefully weigh the benefit of increasing patch connectivity versus the loss of key 
bridle shiner habitat when considering dam removal.   
Understanding what constitutes suitable habitat is essential for conserving extant 
bridle shiner populations and to identify suitable translocation sites in systems where 
bridle shiner were historically found.  Criteria for selecting translocation sites should 
include availability of spawning habitat to increase the success of reintroduction 
(Worthington et al. 2012).  According to the literature (Harrington 1947) and the findings 
of the present study, bridle shiner spawning is linked to dense aquatic vegetation early in 
the year; hence, evaluation of available spawning habitat should include measurement of 
springtime macrophyte growth.  Additionally, translocation sites should be characterized 
by low and stable velocities throughout the year, but particularly during late-spring when 
age-0 individuals would otherwise be overcome by swift currents.  Among densely 
vegetated and slow flowing areas, suitable translocation sites should include shallow 
areas to facilitate predator avoidance.  Finally, managers should attempt to locate patches 
that are not isolated from one another in order to facilitate metapopulation dynamics that 
occur over short distances for this species (Chapter 1).   
 
Model generality 
 Bridle shiner and habitat measurements were collected from two additional 
watersheds in order to evaluate the generality of models constructed from the primary 
study stream (i.e., Shunock River).  The East Branch of the Shepaug River (EBS) in 
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Litchfield, CT and Hall Meadow Brook (HMB) in Torrington, CT were surveyed from 
July 25th to August 3rd, 2011 using the same fish and habitat sampling protocols as were 
described previously.  Habitat measurements were entered into Shunock River-based 
occupancy models in order to calculate the probability of occupancy among four patches 
in EBS and four patches in HMB.  The timing of habitat measurements in EBS and HMB 
did not correspond to those obtained in the Shunock River.  Although this situation was 
not ideal, I felt that such an analysis would still be useful in demonstrating the generality 
of Shunock River-based occupancy models.  Occupied patches were considered to be 
correctly classified when models calculated the probability of occupancy at ≥0.5; 
unoccupied patches were considered to be correctly classified when models calculated 
the probability of occupancy at <0.5.  Correct classification rate for occupied patches was 
80% (4 out of 5) and 66% (2 out of 3) for unoccupied patches.  These results show model 
performance was better than random and demonstrate that Shunock River-based 
occupancy models may be relevant for bridle shiner in other stream networks.  Future 
work should follow the recommendation of evaluating habitat at several points in time in 
order to maximize model performance (i.e., reduce misclassification rate). 
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Mean Min Max Mean Min Max Mean Min Max
Vegetation (% cover) 13.1 0.0 48.0 18.5 0.1 44.9 23.8 0.0 72.9
Velocity (m/s) 0.085 0.021 0.276 0.053 0.018 0.179 0.089 0.013 0.353
Depth (m) 0.68 0.35 0.95 0.61 0.28 0.93 0.71 0.30 0.99
Temp (˚C ) 19.0 17.7 20.0 23.2 19.6 24.7 21.9 20.0 22.9
2011S1 2011S2 2011S3
Table 1. Summary statistics for habitat variables measured in the Shunock River during three 
surveys during 2011.  Values were calculated using data from all twenty patches.
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Season
Occupancy 
covariates Detection covariates ΔAICc
Model 
weight
# 
Parameters
( . ) Velocity 0.00 0.68 3
( . ) Area 2.46 0.20 3
( . ) ( . ) 5.02 0.05 2
( . ) Effort 6.27 0.03 3
( . ) Depth 6.71 0.02 3
( . ) Macrophyte cover 7.21 0.02 3
( . ) Velocity 0.00 0.90 3
( . ) Depth 5.70 0.05 3
( . ) ( . ) 7.14 0.03 2
( . ) Effort 9.38 0.01 3
( . ) Macrophyte cover 9.43 0.01 3
( . ) Area 9.47 0.01 3
( . ) Velocity 0.00 0.36 3
( . ) ( . ) 0.65 0.26 2
( . ) Macrophyte cover 1.27 0.19 3
( . ) Effort 2.67 0.09 3
( . ) Depth 2.69 0.09 3
( . ) Area
**subsequent models that included this covariate failed to converge
**
Table 2. Patch occupancy models for estimating detection probability of bridle 
shiner during three survey seasons.  ( . ) indicates that no covariate was used for 
the parameter.  
20
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Season Occupancy covariates
Detection 
covariates ΔAICc
Model 
weight
# 
Parameters
Depth + Patch isolation Velocity 0.00 0.171 5
Vegetation + Patch Isolation Velocity 0.07 0.165 5
Vegetation Velocity 0.50 0.133 4
( . ) Velocity 1.00 0.104 3
Velocity + Patch Isolation Velocity 1.00 0.104 5
Area + Patch Isolation Velocity 1.04 0.102 5
Depth Velocity 1.16 0.096 4
Temperature Velocity 2.55 0.048 4
Velocity Velocity 2.68 0.045 4
Area Velocity 3.29 0.033 4
Area + Patch isolation Velocity 0.00 0.204 5
Temperature Velocity 0.31 0.175 4
Velocity + Patch Isolation Velocity 0.76 0.140 5
Depth + Patch Isolation Velocity 0.83 0.135 5
( . ) Velocity 1.39 0.102 3
Vegetation + Patch isolation Velocity 2.23 0.067 5
Velocity Velocity 2.61 0.055 4
Depth Velocity 2.67 0.054 4
Vegetation Velocity 3.40 0.037 4
Area Velocity 3.69 0.032 4
Velocity + Patch isolation   Velocity 0.00 0.946 5
( . ) Velocity 8.22 0.016 3
Velocity   Velocity 8.72 0.012 4
Depth Velocity 8.85 0.011 4
Temperature   Velocity 10.04 0.006 4
Vegetation   Velocity 10.61 0.005 4
Area    Velocity 10.65 0.005 4
Temperature + Patch isolation
Vegetation + Patch isolation   
Area + Patch isolation      
Table 3. Models for estimating occupancy of bridle shiner during three survey seasons.  ( . ) 
represents constant probability of occupancy among patches.  Three seasons of data were 
analyzed separately.
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Season ψ covariates R covariates Detection covariates ΔAICc
Model 
weight # Parameters
Vegetation + Patch Isolation Area p1 (Velocity) , p2=1.0 , δ  ( . ) 0.00 0.373 8
Vegetation + Patch Isolation ( . ) p1 (Velocity) , p2=1.0 , δ  ( . ) 0.60 0.276 7
Vegetation + Patch Isolation Velocity p1 (Velocity) , p2=1.0 , δ  ( . ) 2.14 0.128 8
Vegetation + Patch Isolation Temperature p1 (Velocity) , p2=1.0 , δ  ( . ) 2.97 0.084 8
Vegetation + Patch Isolation Depth p1 (Velocity) , p2=1.0 , δ  ( . ) 3.19 0.076 8
Vegetation + Patch Isolation Vegetation p1 (Velocity) , p2=1.0 , δ  ( . ) 3.55 0.063 8
Patch Isolation ( . ) p1 (Velocity) , p2=1.0 , δ  ( . ) 0.00 0.348 6
Patch Isolation Velocity p1 (Velocity) , p2=1.0 , δ  ( . ) 1.16 0.195 7
Patch Isolation Temperature p1 (Velocity) , p2=1.0 , δ  ( . ) 2.05 0.125 7
Patch Isolation Vegetation p1 (Velocity) , p2=1.0 , δ  ( . ) 2.20 0.116 7
Patch Isolation Depth p1 (Velocity) , p2=1.0 , δ  ( . ) 2.25 0.113 7
Patch Isolation Area p1 (Velocity) , p2=1.0 , δ  ( . ) 2.45 0.102 7
Velocity + Patch isolation   Depth p1=p2 (Velocity) , δ ( . ) 0.00 0.399 8
Velocity + Patch isolation   ( . ) p1=p2 (Velocity) , δ ( . ) 0.99 0.243 7
Velocity + Patch isolation   Velocity p1=p2 (Velocity) , δ ( . ) 2.21 0.132 8
Velocity + Patch isolation   Temperature p1=p2 (Velocity) , δ ( . ) 2.73 0.102 8
Velocity + Patch isolation   Area p1=p2 (Velocity) , δ ( . ) 3.45 0.071 8
Velocity + Patch isolation   Vegetation p1=p2 (Velocity) , δ ( . ) 4.05 0.053 8
20
11
S2
20
11
S3
20
11
S1
Table 4. Models for estimating high abundance occupancy (R) of bridle shiner.  ( . ) represents constant probability of occupancy among 
patches.  Three seasons of data were analyzed separately.
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ψ covariates R covariates Transition-2 covariates Detection covariates ΔAICc
Model 
weight # Parameters
Vegetation + Patch Isolation Area Depth Season 1: p1 (Velocity) , p2=1.0 , δ ( . )   
Season 3: p1=p2 (Velocity) , δ ( . )
0.00 0.591 14
Vegetation + Patch Isolation Area Δdepth Season 1: p1 (Velocity) , p2=1.0 , δ ( . )   
Season 3: p1=p2 (Velocity) , δ ( . )
3.63 0.096 14
Vegetation + Patch Isolation Area ( . ) Season 1: p1 (Velocity) , p2=1.0 , δ ( . )   
Season 3: p1=p2 (Velocity) , δ ( . )
4.10 0.076 13
Vegetation + Patch Isolation Area Vegetation Season 1: p1 (Velocity) , p2=1.0 , δ ( . )   
Season 3: p1=p2 (Velocity) , δ ( . )
5.24 0.043 14
Vegetation + Patch Isolation Area Δvelocity Season 1: p1 (Velocity) , p2=1.0 , δ ( . )   
Season 3: p1=p2 (Velocity) , δ ( . )
5.29 0.042 14
Vegetation + Patch Isolation Area Patch Isolation Season 1: p1 (Velocity) , p2=1.0 , δ ( . )   
Season 3: p1=p2 (Velocity) , δ ( . )
5.31 0.042 14
Vegetation + Patch Isolation Area Δvegetation Season 1: p1 (Velocity) , p2=1.0 , δ ( . )   
Season 3: p1=p2 (Velocity) , δ ( . )
6.19 0.027 14
Vegetation + Patch Isolation Area Area Season 1: p1 (Velocity) , p2=1.0 , δ ( . )   
Season 3: p1=p2 (Velocity) , δ ( . )
6.55 0.022 14
Vegetation + Patch Isolation Area Δtemperature Season 1: p1 (Velocity) , p2=1.0 , δ ( . )   
Season 3: p1=p2 (Velocity) , δ ( . )
6.69 0.021 14
Vegetation + Patch Isolation Area Temperature Season 1: p1 (Velocity) , p2=1.0 , δ ( . )   
Season 3: p1=p2 (Velocity) , δ ( . )
6.71 0.021 14
Vegetation + Patch Isolation Area Velocity Season 1: p1 (Velocity) , p2=1.0 , δ ( . )   
Season 3: p1=p2 (Velocity) , δ ( . )
6.77 0.020 14
Table 5. Models for estimating the probability of bridle shiner transitioning from low abundance to high abundance between late-spring and mid-summer 
2011.  ( . ) represents constant probability of transition among patches. 
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Figure 3.  Detection probability estimates from surveys conducted in 2010 (grey) and 
2011 (black).  Bars represent standard errors. 
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Figure 5. Probability of detecting bridle shiner in state-1 (low abundance, p1), state-2 (high 
abundance, p2), and correctly classifying the species in state-2 (δ) during late-spring (white 
circles), early-summer (grey circles), and mid-summer (black circles) surveys conducted during 
2011.  Bars represent standard errors.  
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Figure 8. Probability of bridle shiner from low abundance (CPE<20) in spring 2011 to high 
abundance (CPE≥20) in mid-summer 2011.  Model was fitted using z-score transformed 
depth measurements (primary x-axis).  Mean depth was back-transformed to show values 
in measured units (secondary x-axis). 
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CHAPTER 3: Investigating the role of a predatory fish on the distribution and 
habitat use of a rare minnow  
 
Introduction 
Understanding the distribution of species in their environment is foundational in 
ecology (Eros et al. 2003).  Spatial heterogeneity in habitat causes organisms to be 
unevenly distributed on the landscape.  Areas of suitable habitat are interrupted by 
unsuitable habitat, creating a patchy mosaic on the landscape, and the distribution of 
organisms in those habitats can also be considered patchy (Thompson et al. 2001, 
Gutzwiller and Barrow 2002, Robinson et al. 2011).   
For many lotic fishes, the distribution of suitable habitat is the principle 
determinant of species distribution and is likely influenced by a combination of abiotic 
and biotic factors (Johnson et al. 2012).  In streams, important abiotic factors include 
water temperature, velocity, and depth, and important biotic factors include aquatic 
vegetation, prey availability, and interactions with other species, such as competition and 
predation.  Investigating how abiotic and biotic factors work together to comprise 
suitable habitat is crucial for understanding how fish species are distributed along the 
riverscape.   
Predation is among the major biotic factors that determine ecological patterns in 
freshwater fish communities (Angermeier 1992).  There is substantial evidence that 
predators exclude individuals from otherwise suitable habitats, thereby increasing the 
patchiness of fish populations (Dauwalter and Rahel 2008, Effenberger et al. 2011).  
Predator-prey interactions are often scale dependent, occurring at both patch and 
mesohabitat scales.  At the patch scale, predators can have substantial effects on the 
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abundance and species composition of other organisms in the community (Diehl 1992; 
Monkkonen et al. 2007).   
One of the most dramatic effects of predators in their environments is to cause a 
prey species to be excluded from or extirpated from a patch (Black and Hairston 1988).  
In an Oklahoma stream, algae-grazing minnows (Campostoma anomalum) moved out of 
pool habitat within hours of bass (Micropterus spp.) being experimentally added, 
demonstrating the effect of predators on patch scale use of prey (Power et al. 1985).  The 
presence of predators has also been frequently observed to cause prey to change their use 
of habitat at the mesohabitat scale (Harvey 1991).  In a study by Werner et al. (1983), 
juvenile bluegill (Lepomis macrochirus) used similar habitat as larger bluegill when 
predators were absent, but shifted toward more structurally complex habitat when 
predators were present, despite the lesser forage quality.  Increased use of shallow and 
vegetated habitats is a common strategy used by small fishes to avoid predation (Harvey 
1991, Ellis and Bell 2004).   
Habitat selection may be viewed as a tradeoff between potential net energy intake 
and risk of predation (Heggenes et al. 1999).  Thus, freshwater prey fishes may respond 
to risk of predation by selecting reduced-risk patches, reduced-risk mesohabitat, or some 
combination of the two.  Studying the spatial scale at which prey respond to predators 
improves the understanding of how and why prey species are distributed in their 
environment.  Because predator-prey interactions can have potentially strong effects on 
species distributions they should be incorporated into habitat use assessments whenever 
possible.   
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Members of the pike (Esocidae) and minnow (Cyprinidae) families interact in 
streams throughout North America.  One of the native esocids in the northeastern United 
States is redfin pickerel (Esox americanus).  Kanno and Vokoun (2008) found that redfin 
pickerel were an indicator species for a unique fish assemblage shared by <2% of 
Connecticut streams.  This assemblage often included swamp darter (Etheostoma 
fusiforme), creek chubsucker (Erimyzon oblongus) and banded sunfish (Enneacanthus 
obesus), and occurred in low-gradient systems in the eastern half of Connecticut.  Among 
these streams is the Shunock River, which is also home to an imperiled minnow, bridle 
shiner (Notropis bifrenatus; Sabo 2000).   
Redfin pickerel and bridle shiner generally occur in low-gradient streams amongst 
dense vegetation.  In Connecticut, redfin pickerel broadcast their eggs upon aquatic 
vegetation during their spawning period that occurs from April–May (Webster 1941).  As 
lie-in-wait predators, redfin pickerel use dense macrophyte stands to facilitate the ambush 
of prey (Scott and Crossman 1973).  Similar to redfin pickerel, bridle shiner are usually 
found amongst aquatic vegetation in quiet pools and slow moving areas of streams 
(Jenkins and Burkhead 1994, but see Chapter 2 in this document).  In Connecticut, bridle 
shiner spawning peaks in June, during which time schools select beds of dense 
submerged macrophytes as spawning sites (Harrington 1947).  These densely vegetated 
areas also support the diet of bridle shiner, which mainly consists of zooplankton and 
macroinvertebrates (Harrington 1948).  Suitable habitats for these species appear as 
patches along the riverscape; thus, the distribution of redfin pickerel and bridle shiner 
populations may also be considered patchy.   
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Modeling patterns of occurrence (i.e., occupancy) among patches in relation to 
habitat characteristics has proven to be an effective tool in ecology; however, a 
commonly overlooked source of variation is that the species is not detected even when 
present (MacKenzie et al. 2002).  MacKenzie et al. (2002) presented a framework to 
estimate occupancy while accounting for false absences (i.e., imperfect detection) and 
habitat heterogeneity among patches.  An extension of the model now enables modeling 
the co-occurrence of species to determine whether interactions affect occupancy and 
detection probability (MacKenzie et al. 2004).   
Here I investigate the co-occurrence patterns of redfin pickerel and bridle shiner 
to determine whether the presence of redfin pickerel affects the occurrence of bridle 
shiner.  My objectives were to 1) identify whether the presence of redfin pickerel 
influences occurrence of bridle shiner at the macrohabitat scale, 2) identify whether the 
presence of redfin pickerel influences the habitat use of bridle shiner at the meso-habitat 
scale, and 3) generally characterize the habitat use of both species. 
 
Methods 
Study area 
The Shunock River is situated in southeastern Connecticut flowing southeast into 
the Pawcatuck River, which forms the southern boundary between Connecticut and 
Rhode Island.  It is a fourth order stream flowing 13.2 kilometers and draining 14.6 
square kilometers.  Habitat varies dramatically along its course, ranging from 
anthropogenic ponds to beaver ponds, swamps, low gradient reaches, pool-riffle reaches, 
and backwatered areas.  The slow flowing areas are often dominated by dense 
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macrophytes, including bur-reed (Sparganium spp.), smartweed (Polygonum spp.), 
pondweed (Potamogeton spp.), pickerelweed (Pontederia spp.), spatterdock, (Nuphar 
spp.), grass (Panicum spp.), water milfoil (Myriophyllum spp.), and filamentous algae, 
among others. 
In addition to redfin pickerel, predators include bluegill (Lepomis macropchirus), 
pumpkinseed (Lepomis gibbosus), largemouth bass (Micropterus salmoides), and chain 
pickerel (Esox niger).  However, redfin pickerel are the dominant predator in the stream.  
Minnow species in the Shunock River include common shiner (Luxilus cornutus), fallfish 
(Semotilus corporalis), golden shiner (Notemigonus crysoleucas), and bridle shiner, as 
well as two catistomids, white sucker (Catostomus commersonii) and creek chubsucker 
(Erimyzon oblongus).   
 
Fish sampling 
The stream was stratified into 20 patches, each representing a relatively 
homogenous section of habitat, such as beaver ponds, stream bends, swamps, or stream 
reaches.  Habitat characteristics were highly variable among patches.  Patches were 
delineated by way of ground reconnaissance, where obvious changes in stream channel 
morphology and riparian vegetation marked the upstream and downstream extents.  
Certain patches adjoined neighboring patches, whereas others were buffered by 
unsampled sections of stream.   Patches were assumed to be closed to changes in 
occupancy for each species during the survey period; that is, a species was assumed to be 
always present or always absent at a given patch for the duration of the survey period 
(MacKenzie et al. 2006).   
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Sample sites within patches were randomly selected prior to the first survey and 
remained constant for subsequent surveys.  Sites were relatively homogenous areas 
measuring 5x20 meters and were considered to represent the mesohabitat scale.  The 
number of sample sites per patch ranged from one to three depending on the size of the 
patch.  Patches were repeatedly sampled during a three-week period, comprising a survey 
season.  Three seasons of data were collected in 2011: Season 1 (May 30th – June 15th), 
Season 2 (July 7th – July 20th), and Season 3 (August 8th – August 24th).  Patches were 
visited three times within a season to establish a history of detections for redfin pickerel 
and bridle shiner.   
Sampling was accomplished using a 1/8th in mesh beach seine extended five 
meters between brails and pulled for twenty meters in the downstream direction.  Bridle 
shiner were batch marked to evaluate the closure assumption.  Marks were applied using 
visible implant elastomer, with all individuals ≥38mm receiving a mark unique to the 
patch of capture.  All captured individuals were inspected for marks prior to being 
released.  Recaptured individuals were not given secondary marks.   
 
Habitat measurements 
Patch habitat was measured once per season at the same locations of fish 
sampling.  Depth and velocity measurements were taken along a transect perpendicular to 
the current where flow was not disturbed by objects in the channel.  Depth was measured 
using a 2m stick and velocity was measured using an electromagnetic current meter (Flo-
Mate Model 2000, Marsh-McBirney) following the protocol described by Hauer and 
Lamberti (1996).  In Season 2 velocity for two patches could not be recorded due to 
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equipment failure, therefore mean velocity was estimated based on measurements of 
hydrologically similar patches.  Percent cover by submergent and emergent macrophytes 
was visually estimated.  Temperature data loggers (HOBO Pro v2, Onset) were deployed 
in each patch to collect water temperature measurements at one hour intervals.  Aerial 
photographs (Connecticut 2004 Orthophoto) and ArcGIS were used to calculate patch 
area and patch isolation (i.e., nearest-neighbor distance).  Area was calculated by drawing 
a polygon over the visibly wetted area of a patch.  Patch isolation was calculated as the 
linear distance from the edge of one patch to the edge of the closest patch occupied by 
bridle shiner.   
 
Data analysis 
Detection histories for redfin pickerel and bridle shiner were analyzed in program 
PRESENCE, version 4.1 (Hines 2006).  Although a multi-season two-species model is 
available (an extension of MacKenzie et al. 2003), such models quickly became 
overparameterized with the addition of covariates due to insufficient sample size.  
Therefore, a series of single-season two-species models (i.e., conditional two-species 
occupancy model, see Richmond et al. 2010) were used to estimate detectability and 
patch occupancy of both species for each of the survey seasons.   
The conditional two-species occupancy model assumes species A is dominant, 
species B is subordinate, and that the probabilities of occupancy (ψ) and detection (p) are 
conditional on the presence/absence or detection of the other species (Table 1).  The 
exception is ψA, which is assumed to be independent of species B.  The parameterization 
affords a convenient way to test hypotheses about whether species interactions affect 
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occupancy and/or detectability, and whether habitat covariates affect interactions.  Here 
redfin pickerel was assumed to be the dominant species (species A) because of its higher 
trophic position relative to bridle shiner, which is thus assumed to be the subordinate 
species (species B).   
A multiple step approach (Richmond et al. 2010; Williams and Fabrizio 2011) 
was used to investigate the effects of species interaction on macrohabitat-scale (patch) 
occupancy of bridle shiner.  First, models were fitted to test 1) whether detectability of 
bridle shiner was unconditional on the presence of redfin pickerel (i.e., pB=rBA), and 2) 
the effect of mean velocity, mean depth, and percent macrophyte cover on detection 
probability while holding occupancy constant.  All models in the candidate set assumed 
detectability of redfin pickerel did not interact with the presence of bridle shiner (i.e., 
pA=rA).  In step 2 the detection covariates with the most support were incorporated into a 
candidate set of occupancy models to estimate occupancy of the dominant species, redfin 
pickerel.  In the final step, models with the most support in step 2 were incorporated into 
a candidate set of models designed to elucidate patch occupancy patterns of the 
subordinate species, bridle shiner.  Specifically, these models tested 1) whether the 
presence of bridle shiner was unconditional on the presence of redfin pickerel (i.e., ψBA = 
ψBa), and 2) whether occupancy covaried with mean velocity, macrophyte cover, depth, 
patch area, or patch isolation. 
A modified approach was used to investigate the effects of redfin pickerel on 
habitat use of bridle shiner at the mesohabitat scale.  The goal of this analysis was to 
identify patterns at the sub-patch level; hence the sampling unit was considered to be 
equivalent to a seine haul sample site rather than the entire patch.  Models were fitted to 
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determine whether detection of bridle shiner was unconditional on the detection of redfin 
pickerel (i.e., rBA = rBa), as well as the effect of covariates on detection/co-detection 
patterns.  Here it was assumed that variation in detectability among sampling units was 
primarily a result of species behavior rather than limitation of the gear, and that bridle 
shiner behavior was influenced by the presence of redfin pickerel or by measured 
environmental conditions. 
Program PRESENCE was used to obtain maximum likelihood estimates for the 
parameters in Table 1 using a candidate set of models that were evaluated using an 
information-theortic model selection approach (Burnham and Anderson 2002).  Models 
with the most support were considered to be those with the lowest AICc values and that 
converged properly (and produced realistic parameter estimates).  Covariates with ΔAICc 
≤2 were considered competing (Burnham and Anderson 2002).  Models were averaged 
when two models were competing.  In cases of three or more competing models, summed 
AICc weights were calculated across all models that included a particular covariate to 
represent the total support for that covariate (Burnham and Anderson 2002). Continuous 
variables were normalized by z-score conversion to reduce the magnitude of covariates 
and improve model convergence.  
 
Results 
Habitat 
Connecticut experienced the wettest year on record in 2011 causing higher 
discharge conditions in the Shunock River later in the growing season.  Stream flow 
typically declines from spring through summer before increasing again in the fall; 
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however, mean velocities were highest in Season 3 and lowest in Season 2.  The trend in 
mean water temperature was also different than expected, with temperature being lower 
in Season 3 than in Season 2, likely due to the cooling effects of precipitation on both air 
and water temperatures.  In contrast, macrophyte percent cover followed the expected 
trend of increasing with season. 
 
Patch occupancy and patch-scale detection probability 
The naïve occupancy of redfin pickerel was 0.60 in the spring, 0.80 in early 
summer, and 0.75 in mid-summer.  For bridle shiner, naïve occupancy was 0.60 in the 
spring, 0.65 in early summer, and 0.70 in mid-summer.  Of the 862 marked bridle shiner, 
113 were recaptured.  The majority (94%) of recaptures did not emigrate from the patch 
of initial capture; those that did emigrate moved an average of 90 meters.  Recapture 
results indicate the closure assumption was supported for all survey seasons.  There were 
only three patches where neither species was found, all of which were located at the 
downstream end of the study area where maximum velocities were among the highest 
observed.     
Detection probability models were different between Season 1 and the two later 
seasons.  In Season 1, the detection model with the most support assumed pB was not 
equal to rBA, suggesting an interaction between the presence of redfin pickerel and the 
detectability of bridle shiner (Table 2).  The probability of detecting bridle shiner in 
patches where redfin pickerel were present was lower than where redfin pickerel were 
absent (pB=0.74(0.14); rBA=0.47(0.15)).  Detection models with the most support in 
Season 2 and Season 3 assumed pB=rBA, suggesting detection probabilities of bridle 
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shiner were not affected by the presence of redfin pickerel.  Models that included mean 
velocity as a detection covariate outperformed models that did not (Table 2).  All 
detection parameters (Table 1) were negatively related to velocity such that detection 
probabilities were consistently lowest in patches where velocity was highest (Figure 1).  
Velocity was the most supported covariate to detection probability in this step, and was 
thus included as a covariate to detection probability for all models in subsequent steps.   
Patch occupancy of redfin pickerel covaried with macrophyte cover in Season 1 
and mean depth in Season 3 (Table 3).  The relationship was positive in both instances 
such that the probability of occupancy increased with macrophyte cover in Season 1 and 
increased with depth in Season 3.  In Season 2 no covariates improved occupancy 
estimates, suggesting that all patches had an equal probability of being occupied by redfin 
pickerel.   
Models that assumed occupancy of bridle shiner was unconditional on the 
occupancy of redfin pickerel (i.e., ψBA = ψBa) consistently outperformed models that 
assumed conditional occupancy (Table 4).  The summed AICc weight of models that 
assumed unconditional occupancy was 0.55, 0.76, and 0.64 for Season 1, Season 2, and 
Season 3, respectively, compared to 0.38, 0.19, and 0.35 for models that assumed 
conditional occupancy.  Covariates to occupancy varied among seasons, except for patch 
isolation, which was consistently among the top occupancy covariates.  Several Season 1 
models were competing, therefore model AICc weights were summed to identify 
covariates with the most support.  Covariates with the most support included macrophyte 
cover and patch isolation; the summed AICc weight was 0.46 for models that included 
macrophyte cover and 0.77 for models that included patch isolation.  The Season 2 model 
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that received the most support included temperature and patch isolation.  Season 3 
models that received the most support included depth, velocity, and patch isolation.  
Patches occupied by bridle shiner tended to have relatively high densities of macrophytes 
early in the year, higher mean temperatures, lower mean velocities, lower mean depths, 
and low isolation (i.e., patch isolation).  These results indicate that bridle shiner are 
associated with shallow and slow flowing vegetated habitats regardless of whether or not 
they are occupied by redfin pickerel (Figure 2).   
 
Mesohabitat detection probability 
 Analysis of data summarized at the mesohabitat (site) scale revealed bridle shiner 
detection probability was not influenced by detection of redfin pickerel.  Models with the 
most support assumed rBA=rBa; summed AICc weights were 0.69 in Season 1, 0.75 in 
Season 2, and 0.76 in Season 3 (Table 5).  Models that assumed the two parameters were 
not equal received substantially less support, with summed AICc weights of 0.30, 0.25, 
and 0.24 in Season 1, Season 2, and Season 3, respectively.  Hence, the data suggest that 
encountering redfin pickerel in a sample site did not influence the probability of 
encountering bridle shiner in that site. 
 
Discussion 
The distribution of redfin pickerel had little or no effect on the occurrence of 
bridle shiner at the macrohabitat and mesohabitat scales in the Shunock River.  Bridle 
shiner occupied patches primarily because of physical and chemical characteristics rather 
than interactions with redfin pickerel.  Occupied patches tended to have dense 
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macrophyte growth and shallow mean depths, which are habitats that are typically 
important for prey fishes to avoid predation at a finer (10-1 m) scale (Ellis and Bell 2004, 
Vanderpham 2012).  Bridle shiner predator avoidance may depend upon habitats that 
offer habitat complexity at the micro-scale (10-1 m) as opposed to meso- or macro-scales 
(101–102 m).  
 
Predator-prey interaction 
The distribution of bridle shiner at the macrohabitat scale was unconditional on 
the distribution of redfin pickerel.  While selecting patches where redfin pickerel are 
absent may seem advantageous, actively avoiding one predator could conflict with 
avoiding another predator (McIntosh and Peckarsky 1999).  Were bridle shiner actively 
avoiding patches with redfin pickerel, they would likely encounter other predator species 
such as pumpkinseed or largemouth bass.  Additionally, predators such as redfin pickerel 
are presumably more mobile in the system making patch-scale avoidance less likely 
given the low among patch movement seen in the recaptures (Chapter 1).  Hence, bridle 
shiner may occupy patches that provide refuge from an array of predatory fishes rather 
than using patches where certain predator species are absent.  
 In addition to having no effect on patch-scale habitat use, redfin pickerel did not 
affect the meso-scale habitat use of bridle shiner.  One would expect that if bridle shiner 
avoid predation at the mesohabitat scale, then encountering redfin pickerel during a 
survey would translate to a reduced probability of encountering bridle shiner.  However, 
mesohabitat detection models revealed no such interaction.  Thus, I hypothesize that 
bridle shiner may avoid predation at a finer scale than meso.  Other studies have 
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demonstrated that reaction by prey fishes to predators can occur at the micro-habitat scale 
(i.e., <1m).  Godin and Morgan (1985) found that banded killifish had a flight reaction 
distance of less than 50cm.  Dill (1990) found that African cichlids had a flight initiation 
distance ranging from 20-70cm, and that flight initiation distance increased with distance 
from cover.  Cover was abundant among sample sites in the Shunock River, so it is 
conceivable that predator avoidance occurred over short distances.  Further research at 
the microhabitat scale and in experimental settings could elucidate predator avoidance 
behaviors of bridle shiner. 
Specific predator avoidance strategies can vary widely according to the particular 
behavior of both predator and prey (Angermeier 1992).  Two common predator 
avoidance strategies used by prey fishes is the use of complex habitat and shallow depth 
as refuge.  While occupancy patterns suggest the distribution of bridle shiner was 
unconditional on the distribution of redfin pickerel, there is circumstantial evidence of 
predator avoidance behavior based upon habitat characteristics of occupied patches.  Here 
I have found support for the notion that bridle shiner use both depth and cover to reduce 
risk of predation.  Occupancy was positively associated with early year macrophyte 
growth, which may provide the necessary habitat complexity for refuge from predators 
by obstructing visual contact and impairing predator movement (Ellis and Bell 2004).  
The probability of occupancy was low for patches with little early year macrophyte 
growth, which highlights the importance of habitat complexity throughout the year for 
predator avoidance.  Later in the growing season, macrophyte cover had increased and 
become available in virtually all patches, and thus the covariate was less important in 
explaining occupancy during this time of year. Additionally, occupied patches tended to 
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have shallower mean depths, which is another strategy used by prey fishes to avoid 
predation.  Shallow water may enhance the ability of prey to visually or chemically detect 
predators (Vanderpham 2012), and predators may avoid shallow areas due to increased 
risk of avian predators and reduced ability to select ambush height (Hampton 2004; 
Harvey and Stewart 1991).  Hence, patches that offer greater variation in microhabitat 
(e.g., depth and macrophyte cover) may be more important to predator avoidance than 
patch-scale characteristics.  
 
Habitat use 
Occupancy patterns indicate that bridle shiner are associated with slow flowing 
areas in the Shunock River, which was expected given their preference for slow flowing 
areas (Harrington 1947; Scott and Crossman 1973; Jenkins and Burkhead 1994).  Mean 
velocity was expected to have a negative effect on occupancy for all seasons; however, 
velocity was among the top covariates only in Season 3.  Stream stage was highest during 
this season due to extreme precipitation events, making differences in mean velocity 
among occupied versus unoccupied patches were more pronounced.  In Seasons 1 and 2 
variations in mean velocity among patches were subtle and did not help to explain 
occupancy patterns.  These results indicate that bridle shiner occupancy is associated with 
patches that have relatively stable flows regardless of stage.  Reduced use of high 
velocity areas is also evidenced by the negative relationship between velocity and 
detection probability.  Velocity had a consistent negative effect on bridle shiner 
detectability such that detection was lowest in patches where mean velocity was highest.  
Because this species tends to prefer slow moving water (Jenkins and Burkhead 1994), 
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during high velocity events individuals may seek refuge in areas that make them more 
difficult to detect.  Hence, subtle differences in velocity may affect habitat use at the 
mesohabitat scale while relatively large variations in velocity affect habitat use at the 
patch scale. 
Bridle shiner association with macrophytes in the late May–early June (Season 1) 
models may be related to its life history in addition to predator avoidance.  Because this 
species’ spawning peaks in June, patches with early development of macrophytes provide 
the necessary habitat for reproduction.  Bridle shiner have been observed spawning over 
submerged beds of dense macrophytes in relatively shallow water where they disperse 
eggs onto vegetation (Harrington 1947).  Such vegetated areas provide the proper 
environment for development from egg to larvae.  Once hatched, bridle shiner larvae 
immediately begin to feed on aquatic insects from the surface of submerged macrophytes 
(Harrington 1948).  Relatively shallow areas of dense macrophytes are perhaps ideal 
habitat for larvae to avoid predation, as discussed previously, especially during this 
vulnerable life stage.  Association with macrophytes in Season 1 may thus be the result of 
increased likelihood of survival by spawning individuals as well as increased survival of 
new recruits.   
 Both species use macrophytes as feeding areas throughout the year, though 
feeding strategies are vastly different.  Bridle shiner feed upon macroinvertebrates and 
occasionally on plant material, both of which are more available amongst dense aquatic 
vegetation (Ságová-Marecková 2002).  Redfin pickerel, like other ambush predators, use 
macrophytes for cover as they lie in wait for prey.  Complex habitat affords them the 
flexibility of adjusting vertical position while remaining inconspicuous in order to 
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maximize ambush success (Hampton 2004).  Therefore, I hypothesized that occupancy of 
both species would covary with macrophyte percent cover during all survey seasons.  
Interestingly, macrophyte cover was found to be the best covariate to occupancy only in 
the spring survey season.  This can perhaps again be explained by noting the seasonal 
trend in macrophyte growth.  In the spring, occupied patches tended to be the ones with 
highest macrophyte percent cover, while unoccupied patches tended to have the lowest 
percent cover.  As the year progressed macrophyte growth generally increased in all 
patches such that macrophyte cover was relatively high in both occupied and unoccupied 
patches.  While both species were anecdotally associated with macrophytes throughout 
the year, macrophyte cover was perhaps only limiting during Season 1.   
 Habitat use of both species was partly explained by water depth, although the 
associations were inversely related.  The probability of a patch being occupied by bridle 
shiner decreased with depth, while the probability occupancy by redfin pickerel increased 
with depth.  This effect was observed only during Season 3 when variation in mean depth 
among patches was most pronounced due to heavy precipitation events.  Predator fishes 
tend to use deeper habitats because their large body size makes them vulnerable to 
wading/diving predators in shallow habitats (Harvey and Stewart 1991).  Additionally, 
predatory fish are more effective at capturing prey in deeper habitat (Angermeier 1992).  
Thus, the association of redfin pickerel with deeper patches is perhaps a result of the 
increased foraging efficiency and access to refuge.  As discussed previously, the 
association between bridle shiner occupancy and shallow patches may be a result of 
reduced predation in shallow habitats.  Given that both species are associated with 
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macrophytes, the partitioning of habitat according to depth may be a mechanism that 
allows these species to co-occur without bridle shiner becoming extirpated.   
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Tables and Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Parameterization used for two-species occupancy models, taken 
from Richmond et al. (2010).  Species “A” represents redfin pickerel, 
species “B” represents bridle shiner. 
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Survey
Occupancy 
model
Detection 
model Detection covariate ΔAICc
Model 
weight
# 
Parameters
ψAψBAψBa p Ap Br BAr Ba Velocity 0 0.66 9
ψAψBAψBa p Ap Br BA Velocity 2.45 0.20 8
ψAψBAψBa p Ap B Velocity 4.01 0.09 7
ψAψBAψBa p Ap Br BAr Ba Macrophyte cover 6.05 0.03 9
ψAψBAψBa p Ap Br BAr Ba ( . ) 8.87 0.01 7
ψAψBAψBa p Ap Br BA Macrophyte cover 9.4 0.01 8
ψAψBAψBa p Ap Br BAr Ba Depth 10.7 0.00 9
ψAψBAψBa p Ap Br BA ( . ) 13.85 0.00 6
ψAψBAψBa p Ap Br BA Depth 14.22 0.00 8
ψAψBAψBa p Ap B ( . ) 14.48 0.00 5
ψAψBAψBa p Ap B Macrophyte cover 16.01 0.00 7
ψAψBAψBa p Ap B Depth 16.18 0.00 7
ψAψBAψBa p Ap B Velocity 0 0.64 7
ψAψBAψBa p Ap Br BA Velocity 2.43 0.19 8
ψAψBAψBa p Ap Br BAr Ba Velocity 2.67 0.17 9
ψAψBAψBa p Ap Br BAr Ba ( . ) 20.35 0.00 7
ψAψBAψBa p Ap Br BAr Ba Depth 20.98 0.00 9
ψAψBAψBa p Ap B ( . ) 21.24 0.00 5
ψAψBAψBa p Ap Br BAr Ba Macrophyte cover 21.37 0.00 9
ψAψBAψBa p Ap B Depth 21.86 0.00 7
ψAψBAψBa p Ap B Macrophyte cover 22.08 0.00 7
ψAψBAψBa p Ap Br BA ( . ) 23.37 0.00 6
ψAψBAψBa p Ap Br BA Macrophyte cover 23.93 0.00 8
ψAψBAψBa p Ap Br BA Depth 24.29 0.00 8
ψAψBAψBa p Ap B Velocity 0 0.50 7
ψAψBAψBa p Ap Br BA Velocity 1.09 0.29 8
ψAψBAψBa p Ap Br BAr Ba Velocity 3.35 0.09 9
ψAψBAψBa p Ap B ( . ) 4.81 0.05 5
ψAψBAψBa p Ap Br BA ( . ) 6.69 0.02 6
ψAψBAψBa p Ap Br BAr Ba ( . ) 6.99 0.02 7
ψAψBAψBa p Ap B Macrophyte cover 7.68 0.01 7
ψAψBAψBa p Ap B Depth 8.23 0.01 7
ψAψBAψBa p Ap Br BA Macrophyte cover 9.99 0.00 8
ψAψBAψBa p Ap Br BAr Ba Macrophyte cover 10.18 0.00 9
ψAψBAψBa p Ap Br BAr Ba Depth 10.43 0.00 9
ψAψBAψBa p Ap Br BA Depth 10.52 0.00 8
Se
as
on
 1
Se
as
on
 2
Se
as
on
 3
Table 2 - Detection probability models fitted to test whether habitat covariates and 
presence or detection of redfin pickerel (species A) affected the detection probability 
of bridle shiner (species B).  
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Survey ψA covariate
ψBAψBa 
covariate
Detection 
covariate ΔAICc
Model 
weight
# 
Parameters
ψAψBAψBa p Ap Br BAr Ba Macrophyte cover ( . ) Velocity 0 0.8075 10
ψAψBAψBa p Ap Br BAr Ba ( . ) ( . ) Velocity 4.33 0.0927 9
ψAψBAψBa p Ap Br BAr Ba Velocity ( . ) Velocity 6.89 0.0258 10
ψAψBAψBa p Ap Br BAr Ba Depth ( . ) Velocity 6.94 0.0251 10
ψAψBAψBa p Ap Br BAr Ba Temperature ( . ) Velocity 6.98 0.0246 10
ψAψBAψBa p Ap Br BAr Ba Area ( . ) Velocity 7.01 0.0243 10
ψAψBAψBa p Ap B ( . ) ( . ) Velocity 0 0.367 7
ψAψBAψBa p Ap B Macrophyte cover ( . ) Velocity 1.7 0.1568 8
ψAψBAψBa p Ap B Velocity ( . ) Velocity 1.99 0.1357 8
ψAψBAψBa p Ap B Temperature ( . ) Velocity 2.19 0.1228 8
ψAψBAψBa p Ap B Depth ( . ) Velocity 2.43 0.1089 8
ψAψBAψBa p Ap B Area ( . ) Velocity 2.43 0.1089 8
ψAψBAψBa p Ap B Depth ( . ) Velocity 0 0.9354 8
ψAψBAψBa p Ap B ( . ) ( . ) Velocity 7.68 0.0201 7
ψAψBAψBa p Ap B Temperature ( . ) Velocity 7.84 0.0186 8
ψAψBAψBa p Ap B Macrophyte cover ( . ) Velocity 8.44 0.0137 8
ψAψBAψBa p Ap B Velocity ( . ) Velocity 10.03 0.0062 8
ψAψBAψBa p Ap B Area ( . ) Velocity 10.1 0.006 8
Model
Se
as
on
 1
Se
as
on
 2
Se
as
on
 3
Table 3. Models to determine covariates to occupancy of redfin pickerel (species A) in the Shunock river.  
Models that assume probability of occupancy is constant among patches is indicated by ( . ).  Bridle shiner 
(species B) occupancy was held constant for this step of the analysis.
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Survey ψA covariate ψBA/ψBa covariate
Detection 
covariate ΔAICc
Model 
weight
# 
Parameters
ψAψBAψBa p Ap Br BAr Ba Macrophyte cover Macrophyte cover + patch isolation Velocity 0.00 0.21 12
ψAψBA p Ap Br BAr Ba Macrophyte cover Depth + patch isolation Velocity 1.08 0.13 11
ψAψBA p Ap Br BAr Ba Macrophyte cover Macrophyte cover + patch isolation Velocity 1.33 0.11 11
ψAψBA p Ap Br BAr Ba Macrophyte cover Area + patch isolation Velocity 1.50 0.10 11
ψAψBA p Ap Br BAr Ba Macrophyte cover Macrophyte cover Velocity 1.56 0.10 10
ψAψBA p Ap Br BAr Ba Macrophyte cover Velocity + patch isolation Velocity 1.74 0.09 11
ψAψBAψBa p Ap Br BAr Ba Macrophyte cover Depth + patch isolation Velocity 2.07 0.08 12
ψAψBAψBa p Ap Br BAr Ba Macrophyte cover Area + patch isolation Velocity 2.78 0.05 12
ψAψBAψBa p Ap Br BAr Ba Macrophyte cover Macrophyte cover Velocity 3.75 0.03 11
ψAψBA p Ap Br BAr Ba Macrophyte cover Depth Velocity 4.18 0.03 10
ψAψBA p Ap B ( . ) Temperature + patch isolation Velocity 0.00 0.47 8
ψAψBAψBa p Ap B ( . ) Temperature + patch isolation Velocity 2.49 0.13 9
ψAψBA p Ap B ( . ) Area + patch isolation Velocity 2.70 0.12 8
ψAψBA p Ap B ( . ) Temperature Velocity 4.01 0.06 7
ψAψBA p Ap B ( . ) ( . ) Velocity 4.68 0.05 6
ψAψBAψBa p Ap B ( . ) Area + patch isolation Velocity 5.19 0.03 9
ψAψBA p Ap B ( . ) Depth + patch isolation Velocity 5.49 0.03 8
ψAψBAψBa p Ap B ( . ) Temperature Velocity 6.44 0.02 8
ψAψBA p Ap B ( . ) Depth Velocity 6.59 0.02 7
ψAψBA p Ap B ( . ) Velocity Velocity 6.83 0.02 7
ψAψBA p Ap B Depth Depth + patch isolation Velocity 0.00 0.33 9
ψAψBA p Ap B Depth Velocity + patch isolation Velocity 0.55 0.25 9
ψAψBAψBa p Ap B Depth Depth + patch isolation Velocity 2.54 0.09 10
ψAψBAψBa p Ap B Depth ( . ) Velocity 2.64 0.09 8
ψAψBAψBa p Ap B Depth Depth Velocity 2.69 0.08 9
ψAψBA p Ap B Depth Velocity + patch isolation Velocity 3.10 0.07 10
ψAψBAψBa p Ap B Depth Velocity Velocity 4.79 0.03 9
ψAψBAψBa p Ap B Depth Temperature Velocity 4.89 0.03 9
ψAψBAψBa p Ap B Depth Area Velocity 5.13 0.03 9
ψAψBAψBa p Ap B Depth ( . ) Velocity 8.91 0.00 7
Model
Se
as
on
 3
Se
as
on
 1
Se
as
on
 2
Table 4. Models to determine covariates to occupancy of bridle shiner (species B) in the Shunock river.  ( . ) indicates the probability of 
occupancy was held constant among patches.  Covariates to redfin pickerel (species A) occupancy were included based upon results 
shown in Table 3.
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Survey Detection model Covariate ΔAICc
Model 
weight
# 
Parameters
p Ap Br BA Velocity 0 0.69 7
p Ap Br BAr Ba Velocity 1.64 0.30 8
p Ap Br BA Macrophyte cover 10.13 0.00 7
p Ap Br BAr Ba Macrophyte cover 11.75 0.00 8
p Ap Br BA ( . ) 15.69 0.00 5
p Ap Br BA Depth 15.77 0.00 7
p Ap Br BAr Ba Depth 17.06 0.00 8
p Ap Br BAr Ba ( . ) 17.48 0.00 6
p Ap Br BA ( . ) 0 0.32 5
p Ap Br BA Macrophyte cover 0.42 0.26 7
p Ap Br BAr Ba ( . ) 2.25 0.11 6
p Ap Br BAr Ba Macrophyte cover 2.62 0.09 8
p Ap Br BA Depth 2.62 0.09 7
p Ap Br BA Velocity 2.85 0.08 7
p Ap Br BAr Ba Depth 4.93 0.03 8
p Ap Br BAr Ba Velocity 5.07 0.03 8
p Ap Br BA Velocity 0 0.71 7
p Ap Br BAr Ba Velocity 2.35 0.22 8
p Ap Br BA Macrophyte cover 5.32 0.05 7
p Ap Br BAr Ba Macrophyte cover 6.72 0.02 8
p Ap Br BA ( . ) 12.37 0.00 5
p Ap Br BAr Ba ( . ) 14.17 0.00 6
p Ap Br BA Depth 14.78 0.00 7
p Ap Br BAr Ba Depth 16.59 0.00 8
Se
as
on
 1
Se
as
on
 2
Se
as
on
 3
Table 5 - Detection probability models fitted to test whether detection of 
redfin pickerel (species A) affected the detection probability of bridle 
shiner (species B).  Models that estimated both r BA and r Ba assumed 
interaction between the detection of both species, whereas models that 
estimated only r BA assumed no interaction.  Models that assumed no 
interaction received the most support with cumulative weight of 0.69, 0.75, 
and 0.76 in season 1, season 2, and season 3, respectively.
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